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ABSTRACT  We present recent results of extremne ultraviolet (U V)
photometric imaging of cool stars obtained with the Fxireme Ullraviolet
Explorer (EUVE) satellite. These data, covering the 70-- 700 A band,
were obtained during calibration pointings and during the 6 month all-
sky survey. Approximately 1/2 of the bright sources detected by BUVIS
during the survey arc coo] stars of all spectral types. We discuss the
determination of coronal temperatures and emission measures using filter
ratios, time variability results for a number of RS CVn systems and flare
stars, and an analysis of quicscent emission from a sample of dM and dMc
stars.

INTRODUCTION

The extreme ultraviolet (IKUV) region is a kcy portion of the clectromagnetic
spectrum for studying the outer atmospheres of cool stars. X-ray observations
with Finstein, Is XOSAT and ROSAT have shown that alinost all late-ty])c stars
arc soft X-ray sources. This X-ray emission is predominantly from coronal ma-
terial with temperatures > 3 x 106 K. Ultraviolet observations with the/nier-
national Ultraviolet Ixplorer (1UE) and the Hubble Space Telescope (11S°1%) have
been used Lo study the chromospheres and transition regions of many late-type
stars, where the temperatures arc <3 x 10° K. But the material in stellar outer

! Also Center for 15UV Astrophysics, University of California, 2150 Kittredge Street, Berkeley,
CA 94720

2Also JILA, University of Colorado and NIST, Campus Box 440, Boulder, CO 80309
3Currently at GSIFC/1Iughes STX, Code 631, Greenbelt, MI) 20771



atmospheres with temperatures between 105 K and ~ 3 x 106 K has not been
well giud ied. As shown by synthetic spectrum models (Raymond and Smith
1977; lLandini and Monsignori-Fossi 1990), the crnission at these temperatures
is principally in the extreme ultraviolet. The KUV therefore represents a key
missing picce in our understanding the overall temperature structure and en-
crgetics of the atmospheres of cool stars, bridging the gap between cooler and
hotter material.

Broad-band photometric observations taken with the Extreme Uliraviolet
Iizplorer (1NUVIES) satellite present an unique, ncw data set for studying cool
stars. The Wide Ficld Camera (WIFC) on ROSAT provided the first hint at the
cmission of cool stars at the shortest 15UV wavelengths during its all-sky survey
in 1990. FUVE for the first time provides information spanning the entire 1SUV
range from 70 - 700 A. The BUVE photometry data cnables us to study many
cool stars with a range of intrinsic brightnesses, allowing us Lo better examine
of the numbers of objects emitting in the ISUV, their spectral type distribution,
huminosity distribution, spatial distribution, rough coronal temperatures and
variability.

1LUVE PHOTOMISTRIC OBSERVATIONS

The SUVE satellite, launch in June 1992, contains four grazing incidence tele-
scopes (Bowyer and Malina 1990). Three co-al igned Scanner telescopes enable
photometric measurements in four bandpasscs covering the 15UV region. The
fourthDeep Sill’l~cy/Sldectrolncter (1)S/S) telescope, inaddition Lo providing
KUV spectroscopic mecasurements, aso hastwo photometric bandpasscs cover-
ing the shorter KUV wavelengths. The BUVIS bandpasses arc listed below in
Table I.

TABLIS1  IKUVE Photometric Bandpasscs

Instrument FFilter ~ 1 0 % Bandpass A

“Scanner Lexan/B oU- 180 A 100 A
Al/Ti/C  160- 240 A 180 A
Ti/Sb/Al  345- 605 A 4004
Sn/Si0 500-- 740 A 550 A

1)s/s Lexan/B 65- 190 A 100 A
Al/C 160- 360 A 180 A

PPhotometric data on cool stars obtained with FUVE are of two basic types:
all-sky survey observations and pointed observations. The all-sky survey was
completed in August 1993 (Malinact a. 1993).For a given object, the survey
data compriscs 10--20 seconds of observational exposure every 96 minutcs, as
the spacceraft spins to survey the entire sky. The total exposure times for the
all-sky survey ranges from 400 s ncar the ecliptic equator to about 20,000 s ncar
the ecliptic poles. Thus far, only the all-sky survey data have been scarched
carefully for point sources. The simultancous deep survey, with exposure times
of 20,000 s on average, lower sky background, and cnhanced sensitivity has not



been explored in detail.

Pointed observations of cool stars include both calibration pointings and
pointed spectroscopic observations of Guest Observer (GO) targets. During
GO target pointings, broad-band imaging data is obtained simultancously in
the 100 A Lcxan/I3 bandpass. These pointed obscrvations typically have total
exposure times of 20,000 - 100,000 s broken up into 30 minutes of continuous
observation every 96 minutes.

The first Bright Source List (1]S1,) of objects detected in the KUVIE survey
contains 356 extreme ultraviolet sources (Malina ct a. 1993). Coo] stars arc
prominent amongst these sources, with 172 late-type stars in the BSL, repre-
senting 48% of the Lots] number of objects, and covering all spectral types. A
sitnilar number and percentage of cool stars were dctected in the first ROSAT
WI'C catalog (I’ounds CL al. 1992). The breakdown by spectral type of cool stars
in the KUVEEBSL is 31 I stars, 67 G stars, 43 K stars and 37 M stars. These
include RS CVnsysterns and binaries. Pointed calibration observations have
been obtained of about 10 cool stars, and Guest observer pointed observations
of Jatc-type sources arcincreasing daily.

Beyond simply the knowledge that a given coo] star is or is notanlsU V
source (to the sensitivity level of the survey), there arce several additional aspects
that one can hope Lo glean from the EUVIS photometric data. Three of these
topics arc discussed below: determination of coronaltemperatures, variability
and statistical samples of objects.

TEMPERATURES FROM EUV PHOTOMIETRY

One of the most desirable picces of information that might be derived from
the KUV photometry data are details about the temperatures of the 15U -
cmitting material in cool stars. As discussed inthe Introduction, the ISUV
spectral region samples a large and important temperature regime in the outer
atmospheres of coo] stars, with numerous, bright emission lines (c. g., Jordan
1991). The broad band X-ray fluxes measured with Finstein and I"XOSAT have
been used previously to determine rough coronal temperatures using filter ratios
(c.g., Pallavicini CL al. 1988;Schmitt and Rosso 1988). Thissame technique
could, in principal, be used to constrain coronal tempceratures for objects with
fluxes measured in multiple FEUVE bandpasscs.

Unfortunately, this technique is difficult in practice with the SUVIS data
set,. The majority of cool stars arc detected only inthe two shortest wavelength
ISUVE bandpasses, the Lexan/B and Al/Ti/C filters, and the temperature sen-
sitivity of these two filters is extremely similar.  The Lexan/13 band is most
sensitive to emission from corona] material at temperatures of ~3x 10° K to
~2 x 106 K, while the Al/Ti/C band sensitivity is dominated by material in
the range ~6 x 10°K to~ 2 x 10 K. This dots not allow the corona tem-
peratures to besignificantly constrained if only those two bandpass fluxes arc
available, and multiple temperature solutions arc typically alowed (e.g. Vedder
et al. 1993; Patterer ctal. 1993). An accurate knowledge of column density Lo
the source also can pl ay a mgjor role.

The best temperature determination to date using ISUVE photomnetric data
has been for o Cen(G2V4- K 1 V), which wasdctected in al four Scanner



bandpasses (Vedder et a. 1993). When combined with previous Einstein 1 PPC
and 1 UJZ mcasurements, they found the ISUVE fluxes Lo be consistent with two
temperature components: Ty= 85 x 10° K with M= 1.5 x 10°°an~3 and
Ty=-10% K with IEM2 =5 x 10%%m™ . These results indicate that the cinission
measure distribution for o Cenis muchsteeper than previously thought, with
EM o T3 rather than the EM o« T3/2 dependence expected for normal cool stars
(Jordan 1991).

Although the results for o Cen suggest that temperature constraints can
be derived in some cases, the determination of temperatures for the ISUV emit-
ting material in cool stars can be done much more definitively and easily using
individual cmission lines in KUV spectra (sce Alex Brown’s review in these pro-
ccedings) rather than with photometric fluxes.

LUV VARIABILITY

Studies of time variability in cool stars arc an important capability of photomet-
ric observations. Variability has long been studied inthe visible andin X-rays,
but the KUVIZ and WIC data provide the first opportunity to cxamine vari-
ability at extreme ultraviolet wavelengths. This allows a careful study of the
temporal behavior and cnergetics of the atmospheres of cool stars.

Several types of variability have been observed inlate-type stars with 15U VIs:
flaring, rotational modulation and eclipsing. Thc best data, particularly for
shorter period phenomenon like flaring, come from the long duration calibration
and Guest Observer pointings, which have long un-interrupted observing peri-
ods (30 minutes). The EUVE survey data have a difficult duty cycle of 10- 20
seconds of data every 96 minutes, but can cover anywhere from 5to 180 days.
This is very useful for studying longer terin variations inobjects.

Flaring

The most spectacular and well-studied 15UV flare to date from a cool star has
been the large event observed on AU Mic(dMic)in July 1992 (Cully ct al. 1993;
Cully, Fischer and Sicgmund 1994; Monsignori-TFossi, Landini and Bowyer 1994).
During this event, which actually comprises a large and a smal flare, the UV
count rate in the 100A Lexan/B band incrcased by a factor of seven, making
itonc of the brightest ISUV objects in the sky. Onc of the unique aspects of
this observation is that simultaneous spectroscopy data was obtained, allowing
a detailed time-dcpcndent study of the ternperture structure. The larger of the
two flares had a peak luminosity of 1030 ergs s1 and lasted for approximately
36 hours.

A number of other cool stars, prirnarily well-k~lowll flare star systcms, have
been observed by INUVE while flaring. They include AT h4 ic (dM4 .5¢ + dh44 .5c¢;
although a spacecraft safe-hold produced a gap in data during the decay pre-
cluding quantitative results), PProx Cen (dMbe), YZ CMi (dM4,5¢), AD Lco
(dM3.5¢; Hawley 1993) and 11 Pcg (RS CVn). These KUV flares cover a range
of peak luminosities, total cnergics and decay durations, which arc surnmarized
in Table 11. I'or the 111cg flare, which was inferred from apointed calibration
observation (Patterer et a. 1993), the flare peak occurred before the observation
began, so no quantitative data is available.




TABLIE11  T°lares Observed by KUVE to Date

- - _ Pakly,,  Towl Ky,  Duration
AU Mic #1 1x10% ergs/s 3 x 103 crgs 36 111's
AU Mic /2 6 x 10%° crgs/s 2 x 10* crgs 3hrs
Prox Cen 9x 10°6 crgs/s 3 x 100 crgs 2111's
Y7 CMi 7x 108 crgs/s 8 x 10° crgs 13 hrs

"+ for100 A Lexan/B band

Onc important flare observed by IXUVIS occurred on Prox Cen in July 1992.
’rox Cen was observed simultaneously in boththe 100 Al.exan/13 and the 180 A
Al/Ti/Cbandpasscs during a pointed calibration observation. The flare event
was detected in the Lexan/B filter but not in the Al/Ti/C filter (sce Figure
1). Ancmissionmcasure analysis of this event (Vedder et al. 1994a) indicates
that in quiescence, the 10 UV emission from Prox Cen is due Lo cooler material
between 2 x 10° K and 3 x 108 K. During the flare, the emission is from material
between 5 x 108 K and 2 x 107 K. This demonstrates that the inercase in 5UV
radiation during this flare cvent is dominated by anincreascin the temperature
of the emitting heating rather than an ovcrallincrease in total cinission measure,
as has been suggested previously by Dupree and Kenyon (1991 ) and 1laisch ¢t
al. (1983). .

Lclipsing

A second type of variability phenomenon observed in Jat(!-type stars by KUV
has been cclipsing in the AR Lac RS CVn svstem. AR Lac contains a G2 1V
primary which is totally eclipsed by a 1<0 1V sccondary with a1.983 day period.
During a day-long pointed observation in June 1992, the AR Lac primary was
cclipsed, with a corresponding reduction inthe ISUV count rate in the Lexan/B
band. An analysis of thelight curve by PPatterer et al. (1 994a) indicates that the
data arc consistent with equal EUV cmission from both components in the AR
Lac system. A similar EUV flux was observed {rom AR Lac during the survey
in December 1992, suggesting a long-term stability inthelevel of 15UV emission
from this RS CVn.

Rotational Modulation

Variability in 15UV crmission duc to rotational modulation has been detected by
ISUVEE on HR 1099 (= V711 Tau; K] IV 4G5 V, 1’::2.84 days). 11R 1099
was obscrved for 5 days during the all-sky survey in August, 1992 and then
again for 3 days during a pointed calibration obscrvationinQctober 1992, Both
observations were longer than the 2.84 day rotational period. Inboth data sets,
there is evidence for Inoculation in the 100 A 15UV flux, with sirnilar phasc
behavior (Drake et al. 1994). The level of modulation is about 40%, with the
minimum flux level occurring near phase ¢ = ().5 and the maximum flux level
occurring near phase ¢ ~ 0.0. Simultancous optical Stromgen b photometry
indicates an anti-correlation between the KUV and optical light curves. The
interpretation of these data is that the KUV emission is due to a long-lived,
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compact, and bright corona] structure on the more active component in the
system.

SAMPLISS OF OBJISCTS

One area where broad-band photometric data play a singular and important role
arc in statistical studies of samples of objects. This is particularly truc for data
sets of large numbers of objects, such as the KUV and WIFC all-sky surveys.
These allow not only detections, but upper limits as well, to be included in
studying the characteristics of KUV emission in cool stars.

The examination of various samples of coo] star’s, such as by spectral Lypc (1
stars, Gstars, K stars, cte. ), or volume-li]rlited samples, are planned for the near
future using the KUVIE survey data. A few coo] stars samples arc already being
studied: RSCVn’s(Pattereret al. 1994b), Jatc-type stars with low activity
levels (Mathioudakis ¢t al. 1994), and flare stars (Vedder CL al1994Db). As an
example of thefindings Lo date, we discuss the results for asample of flare stars
obscrved with 1SUVIS.

The flarc star sample consists of 47 ncarby stars which have been observed
Lo flare, taken fromthe list of Pettersen (1991). Nearly 2/3of the stars (29 out
of 47 objects) weredetected as KUV sources. Within the sample, most of the
dMe stars were detected as EUV bright (25 ouL of 29), but few of the dM stars
were detected (only 1 out of 13 stars). This suggests that the active dMe stars
may have adctectable baseline level of corona] 15UV cmission while the inactive
dM stars have very weak coronac (at lcast in the INUV). There is aso cvidence
for saturation of Lhc UV surface {lux for carlier spectral typcs,leveling off at
just under 107 ergs cm™ 2 s!(sce Figure 11).

There is aso a strong correlation betweenthe 15UV and X-ray luminositics
of thesc flare stars, despite the data coming from non-contemnporancous observa -
tions. This is most likely duc to the SUV and X-ray photons both being emitted
from the same temperature regime in the star. IL also indicates that there were
no strong flares observed during theISUV or X-ray observations, and that emis-
sion is dominated by a constant coronal cmission rat her tha n occasional large
flares. Turther results will be fort heorning in Vedder et al. (1994b).

T FUTURTS

The KUVE broad-batld photometry data arc a unique scientific asset, and there
arc a number of exciting projects on cool stars that canand will be done in
the near future. As mentioned above, statistical studies of various samples of
coo] stars arc aready underway, including producing 15UV luminosity functions.
Variability studies, particularly searching for longer-])criod variations such as
rotational modulation or activity level variations, canbe examined using the
survey data. ThelSUVE survey data can be compared to the I{ OS Al” WIC
results to examine KUV flux levels over a 2 ycar bascline. A more complete
analysis of the deep survey data sct, with a factor of 10 greater’ scnsitivity than
the al-sky survey, promises to greatly increase the number of cool stars detected
as I5UV sources, particularly the numbers of fainter objects. And a thorough
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culling Of the IS UV survey skymaps to produce a catalog of 15UV fluxes (01
limits) for a large nnber of late-type stars will also beuseful to rescarchers.

One aspecet worth mentioning in closing is that cven though the all-sky
survey is completed, broad-band photometry of cool stars continuesto be col-
lected every day by INUVE. These data come in two main forms. The first arc
the broad-band images of Guest observer targets obtained simultancously with
their spectra] obscrvations. These longer exposures allow significantly better
studies of flaring and variability in sclected cool starsthanis possible from the
survey data.

‘I"he sccond form of new cool star data arc the images taken by the Scan-
ncr telescopes during a Guest observer pointing. TheISUVIS Scanner detectors
remain on, collecting data during spectroscopic observations with the 1) SIS tele-
scope. They point in random directions orthogonal to the GO target, accumul -
ing long exposurc up Lo 300,000 s insorne cases. ‘1o date, these Scanner images
have revealed an average of twonew EUV sources during each GO pointing as
part of this “right angle program”. If WC cxpect 50% Of these objecets to be coo]
stars, the same percentage as for the survey, we can anticipate new KUV data
on about 100 cool stars each year. Many will be fainter objects, and the longer
exposures willcnable careful variability studies as well. So for exciting, new
results fromIs UVE photometry data, it is likely that the best, is yet o comne.
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